Zr 65 Al 7:5 Ni 10 Cu 12:5 Ag 5 ingots with different microstructures are obtained by changing the number of the repeated arc melting times. Differential scanning calorimetry (DSC) traces show that when the microstructure of the mother ingot becomes finer, the thermal stability of the glassy alloy improves during the crystallization of the glass. Because of the structure heredity, the finer the mother ingot microstructure is, the smaller the average size of the (Zr,Ag)-rich short-range orders in the glassy alloy is. The decrease of the size of the short-range orders makes the rearrangement of the elements more difficult in the glassy alloy. As a result, the activation energy for precipitation and decomposition of the Iphase becomes higher.
Introduction
Since an icosahedral phase (I-phase) was discovered in rapidly solidified Al-Mn alloys 1) and the structure was interpreted by a new concept of quasicrystal, 2) a number of icosahedral quasicrystalline alloys has been synthesized in Al-, 3, 4) Pd- 5) and Ti-based 6) systems. Later the precipitation of I-phase from Zr-based metallic glass was reported. 7, 8) Recently, it has been found that noble metals promote the formation of I-phase and the nano icosahedral quasicrystal phase can be reproducibly formed as primary phase during the crystallization of the Zr-Al-Cu-Ni-NM (NM = Ag, Pd, Au, Pt) 9, 10) and Zr-Al-Ni-M (M = Pd, Au, Pt) 11) multicomponent glassy alloys.
The formation of I-phase during the crystallization of an amorphous alloy provides an experimentally accessible temperature and time window to clarify the nucleation and growth of the I-phase. It has been suggested that there exist icosahedral short-range orders, 12, 13) which influence the precipitation of I-phase. Because of structure heredity, the short-range orders in a glassy alloy inherit from the liquid alloy and the structure of liquid alloy has heredity to the mother ingot. So, the microstructure of the mother ingot will determine the structure and size of the short-range orders and influence the crystallization of the glassy alloys. This work investigates the influence of microstructure of the mother ingot on the precipitation and decomposition of the I-phase during the crystallization of Zr 65 Al 7:5 Ni 10 Cu 12:5 Ag 5 glass.
Experimental
The original ingots with nominal composition Zr 65 Al 7:5 Ni 10 Cu 12:5 Ag 5 were prepared by arc melting a mixture of pure Zr (99.9 mass%), Al (99.99 mass%), Ni (99.9 mass%), Cu (99.99 mass%) and Ag (99.9 mass%) metals in a water-cooled copper crucible under titaniumgettered argon atmosphere. To prevent segregation, the original ingots were melted 4 times at 1300 K, and were marked with A0. Then, two A0 ingots were repeatedly melted 12 times at 1300 K and 1580 K, respectively, and marked with AL12 and AH12. The time of one melting operation was 60 s. The melting temperature is measured using a thermocouple (type B). Specimens with a cross-section of about 1 Â 10 mm 2 were produced by suction casting in a copper mold. The thermal properties of the bulk glassy alloys were examined using differential scanning calorimetry (NETZCH DSC 404) at a heat rate of 10 K/min. The samples were annealed isothermally under vacuum of 10 À4 Pa. The glassy nature and annealed state of the specimens were identified by X-ray diffraction (XRD) using Cu-K radiation (Rigaku Dmax-rc). Figure 1 shows the ingot microstructures of A0, AL12 and AH12. Based on the results of X-ray diffraction and energy dispersive spectroscopy (EDS), the dark and white phases in the ingot microstructure are CuZr 2 and NiZr 2 respectively. It is obvious that the microstructure becomes finer after the repeated melting of the mother ingot. And the microstructure of AH12 is finer than that of AL12. Figure 2 shows the XRD patterns of as-cast samples of A0, AL12 and AH12. All the samples are verified to be a single glassy phase. The DSC curves of Zr 65 Al 7:5 Ni 10 Cu 12:5 Ag 5 glasses A0, AL12 and AH12 are shown in Fig. 3 . All the samples show an endothermic event, which is characteristic of glass transition, followed by three exothermic events corresponding to crystallization process. The first exothermic peak corresponds to the precipitation of a single I-phase, which is verified by the XRD pattern of samples annealed at 673 K for 60 min (as exemplified in Fig. 4) . Then the I-phase begins to decompose into stable phases CuZr 2 and NiZr 2 at T x2 . 14) Detailed results of DSC curves are summarized in Table 1 . glass improves after repeated melting of the mother ingot. The value of ÁT x12 (defined by the temperature span between T x1 and T x2 ) reflects the stability of the I-phase against decomposition. From Table 1 , it is clear that ÁT x12 increases from 36.8 to 39.6 and 40.6 K respectively after the mother ingot is repeatedly melted 12 times at 1300 K and 1580 K.
Results and Discussion
The chemical analysis of ingots shows that the element composition does not change after repeated melting of mother ingots. Then, it can be concluded that the increasing of stability of the I-phase is due to the effect of repeated melting of mother ingot, but not the change of chemical composition.
It's known that the structure of a liquid alloy is not homogeneous in atomic scale and consists of a lot of moving atom clusters inheriting from the ingot microstructure. One cluster may have different atomic configuration from another. The repeated melting can divide one large cluster into smaller ones in liquid state. After the subsequent solidification, the microstructure of the ingot will become finer. This is why the microstructures of ingots AL12 and AH12 are finer than that of A0. The structure of a liquid will change with the increase of liquid temperature up to a critical value above which the liquid transits into a true solution state. 15) Below the critical temperature, the higher the liquid temperature, the smaller the average size of clusters in the liquid is. So, the size of the short-range orders in the liquid alloy will become smaller as the melting temperature increase from 1300 to 1580 K. The subsequently solidified microstructure of ingot AH12 should be finer than that of AL12 (as verified by Fig. 1) . Because of the structure heredity, at the same casting temperature, the average size of the short-range orders in the melts A0, AL12 and AH12 decreases successively. The atomic configuration of an amorphous phase is similar to that of the liquid from which it was frozen. So the average size of short-range orders in glasses A0, AL12 and AH12 decreases serially.
When the short-range orders in the liquid are frozen into the glassy phase, forming the so-called quenched-in nuclei which may provide the nucleation sites for the precipitation of the primary phase during the crystallization process. 16, 17) The mixing heat of Zr-Ag, Al-Ag, Ni-Ag and Cu-Ag atomic pairs is À20, À4, +15 and +2 kJ/mol respectively. 18) Therefore, there exist (Zr,Ag)-rich domains of short-range orders in glass which act as nuclei of the I-phase during the crystallization of Zr-Al-Ni-Cu-Ni glasses. The decrease of the size of the quenched-in nuclei makes the nucleation of Iphase more difficult, enhancing the thermal stability of the supercooled liquid. This is verified by the increase of the activation energy E x1 for the formation of I-phase after the repeated melting of the mother ingot. The effective activation energy of crystallization can be evaluated by Kissinger equation. 19) As shown in Fig. 5 , the E x1 value of glass AH12 (192 kJ/mol) is higher than that of A0 (158 kJ/mol). The Iphase is a metastable phase which decomposes at higher temperature. The decomposition of I-phase needs the rearrangement of elements. The E x2 value of glass AH12 for the decomposition of I-phase is much higher than that of A0, which indicates that the rearrangement of elements is more difficult in glass AH12 when the I-phase decomposes. It's reasonable that the I-phase in AL12 and AH12 glasses decomposes at higher temperature than A0.
Conclusions
In summary, the precipitation and decomposition of the Iphase during the crystallization of Zr 65 Al 7:5 Ni 10 Cu 12:5 Ag 5 glass is influenced by the microstructure of the mother ingot. As the microstructure of the ingot changes into finer, the activation energy for the formation of the I-phase E x1 and for the decomposition of the I-phase E x2 increase, which indicates that the thermal stability of the glassy alloy becomes higher and the I-phase is more stable. This can be explained by the fact that the size of quenched-in nuclei in the glassy phase becomes smaller when the ingot microstructure becomes finer. (a) Fig. 5 The Kissinger plots of the crystallization of glasses A0 (a) and AH12 (b), from which the effective activation energies E x1 for the precipitation of I-phase and E x2 for the decomposition of the I-phase are obtained. T x is the onset temperature of formation of the I-phase T x1 or decomposition of the I-phase T x2 and the heating rate.
